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Available online 2 September 2014Despite widespread applications of multiphoton microscopy in microcirculation, its small ﬁeld of view and
inability to instantaneously quantify cerebral blood ﬂow velocity (CBFv) in vascular networks limit its util-
ity in investigating the heterogeneous responses to brain stimulations. Optical Doppler tomography (ODT)
provides 3D images of CBFv networks, but it suffers poor sensitivity for measuring capillary ﬂows. Here we
report on a new method, contrast-enhanced ODT with Intralipid that signiﬁcantly improves quantitative
CBFv imaging of capillary networks by obviating the errors from long latency between ﬂowing red blood
cells (low hematocrit ~20% in capillaries). This enhanced sensitivity allowed us to measure the ultraslow
microcirculation surrounding a brain tumor and the abnormal ingrowth of capillary ﬂows in the tumor as
well as in ischemia triggered by chronic cocaine in the mouse brain that could not be detected by regular
ODT. It also enabled signiﬁcantly enhanced sensitivity for quantifying the heterogeneous CBFv responses
of vascular networks to acute cocaine exposure. Inasmuch as lipid emulsions are widely used for parenteral
nutrition the Intralipid contrast method has translational potential for clinical applications.
Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).Introduction
The tight coupling between neuronal activity and cerebral blood
ﬂow (CBF) ensures that the blood supply meets the energy needs of
neurons and glia that are required for cerebral function and its disrup-
tion results in pathology (Bélanger et al., 2011; Iadecola, 2004;
Logothetis et al., 2001). This coupling serves as the basis for most imag-
ing technologies currently used to study the function of the human
brain (Fox and Raichle, 2007; Fox et al., 2006; Turk-Browne, 2013).
However, the complex relationship between brain activation/deactiva-
tion and the hemodynamic changes, which occur at the microvascular
level, are not fully understood (Iadecola, 2004; Logothetis et al., 2001).
Research that investigates the physiological mechanisms underlying
neurovascular coupling would beneﬁt from neuroimaging tools that
can distinguish the contributions of changes in blood vessel diameter
(vasodilatation and vasoconstriction) from those due to changes in
the ﬂow speed (red blood cell velocity, vRBC) when measuring CBF ve-
locity (CBFv) with ﬁelds of view (FOV) that are large enough to allow
the analysis of microvascular networks rather than of isolated blood
vessels. Although two-photon microscopy (TPM) (Blinder et al., 2013;cal Engineering, Stony Brook
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blood vessel diameters and RBC velocities in capillaries at ~300 μm
below the cortical surface, its small individual FOV (i.e., needed to
scan few adjacent vessels for quantifying their RBC velocities) limits
its ability tomap the heterogeneity ofmicrovascular network responses
associated with regional functional brain activation (Iadecola, 2004).
Also, TPM imaging of RBC velocities ismostly limited to capillary vessels
and is not suitable for imaging the continuous laminar ﬂows in larger
branch vessels, which is a limitationwhen studying CBFv inmicrocircu-
latory networks.
Recent advances in optical coherence angiography (OCA) (Srinivasan
et al., 2010a; Vakoc et al., 2009;Wang et al., 2007) and optical coherence
Doppler tomography (ODT) (Ren et al., 2012a; Srinivasan et al., 2010b,
2012; Yuan et al., 2011) permit in vivo 3D visualization of cerebrovascu-
lar networks (i.e., arterioles, capillaries and venules) and quantitative
CBFv imaging of individual vessel compartments (of various diameters)
over a large FOV (e.g., a volume of 2 × 3mm2with N1mmof depth). For
instance, combining ultrahigh-resolution OCA (μOCA) and ODT (μODT),
we recently reported that acute cocaine exposure interrupted CBFv in
capillaries through the vasoconstriction of arterioles (Ren et al., 2012c),
which could underlie the cerebral ischemia associated with cocaine
abuse (de los Ríos et al., 2012; Fonseca and Ferro, 2013; Silver et al.,
2013). This study, along with many others, highlights the importance
of quantitative high-resolution CBFv imaging for studying normal brain
physiology and its disruption by disease (Drew et al., 2010; Jia et al.,tp://creativecommons.org/licenses/by/3.0/).
Fig. 1. A schematic of μOCT for simultaneous 3D μOCA/c-μODT imaging of mouse cortical
cerebrovascular networks in vivo through a cranial optical window. Intravenous (i.v.) in-
jection of cocaine or Intralipidwas through tail vein by a precision infusion pump. G: servo
mirror for fast transverse x-axis scan; L: objective lens (f16mm/NA0.25); μOCT enginewas
modiﬁed based on a previously reported custom setup (Ren et al., 2012c).
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Wang et al., 2007, 2013). However, μODT requires ultrahigh phase stabil-
ity for measuring slow vRBC and suffers from poor sensitivity at capillary
beds (Ren et al., 2012a), which is crucial for studying not only
neurovascular coupling (e.g., brain functional activations with speciﬁc
stimulations) but also neuropathology that involves capillary disrup-
tions (e.g., vascular cognitive impairment or VCI (Jiwa et al., 2010),
traumatic brain injury or TBI (Fujita et al., 2012), diabetic retinopathy
(Durham and Herman, 2011)). To address this limitation, we present a
viable solution termed ‘contrast-enhanced μODT’ (c-μODT), which is
based on the intravenous injection of an Intralipid solution (e.g., a highly
scattering lipid emulsion) that dramatically improves the detection
sensitivity for quantitative 3D CBFv imaging of capillary networks. We
show the principles that underlie the sensitivity enhancement for
quantifying capillary vRBC by c-μODT with Intralipid. Then, we illustrate
the value of c-μODT for quantifying capillary vRBC in the mouse brain in
three different models: one applied to study a tumor's microenviron-
ment in the brain, one applied to study ischemia triggered by chronic
cocaine exposure, and one applied to study microcirculatory responses
to physiological (mild hypercapnia) and pharmacological (cocaine)
challenges.
Materials and methods
Mice
CD1 mice (Charles River, 35–40 g/each, female) were used to
conduct the CBFv imaging studies except that immunodeﬁcient CrTac:
NCR-Foxn1nu mice (Taconic, 25–30 g/each, male) were used for the
tumor studies. All of the mouse experiments were approved by the
Institutional Animal Care and Use Committee of Stony Brook University.
Surgery
Micewere anesthetizedwith inhalational 2% isoﬂurane (in 100% O2)
and mounted on a custom stereotaxic frame to minimize motion arti-
facts. A ~ϕ5 mm cranial window was created above the right sensori-
motor cortex. The exposed cortical surface was immediately covered
with 2% agarose gel and afﬁxed with a 100 μm-thick glass coverslip
using biocompatible cyanocrylic glue. The physiological state of the
mice, including electrocardiography (ECG), respiration rate and body
temperature, was continuously monitored (SA Instruments, NY).
Blood sampleswere acquired for hematological analysis (Supplementa-
ry information).
Hypercapnia
Mild hypercapnia was induced by switching the ventilation from O2
(100%) to a mixture of CO2 (5%) and O2 (95%) and the physiology and
blood gas of the mice were measured.
Intravenous induction
Amouse tail vein was cannulated with a 30-gauge hypodermic nee-
dle connected to PE10 tubing, throughwhich either a 100 μl bolus of co-
caine (2.5 mg/kg, body weight) was rapidly injected (b15 s) or a bolus
of 20% Intralipid® (6 ml/kg, body weight) was injected (30–60 s). For
chronic cocaine induction, the mice received a daily dose of cocaine
(30 mg/kg) administrated subcutaneously on 28 consecutive days and
then withdrawn 1 day before in vivo imaging examination.
Orthotopic intracranial injections
(Baumann et al., 2012; Molina et al., 2010; Yamamoto et al., 2011).
After immunodeﬁcient CrTac:NCR-Foxn1nu mice (25–30 g/each)
were anesthetized with subcutaneous injection of ketamine/xylazineand mounted onto a stereotaxic frame, a ϕ0.5 mm cranial window
was created above the right sensorimotor cortex (lateral: 0.25–
2.5 mm, anterior:−0.34 to−1.58 mm from Bregma) through which
a total of ~106HT-1080-GFP cells in 150 μl of DMEMwas slowly injected
into the brain cortex (1 mm below cranial surface) using a 30-gauge
hypodermic needle connected to a precision Infusion pump (PHD-
2000, Harvard Apparatus). The whole wound was sealed with biocom-
patible cyanocrylic glue and the wound was sutured and sterilized.
Optical instrumentation
As outlined previously (Ren et al., 2012a), we used a custom
ultrahigh-resolution optical coherence tomography (μOCT) system
which acquired 3D cross-sectional images of cortical brain architectures
characterized by their backscattering properties at near real time and
over a large FOV (e.g., 2 × 2 × 1 mm3) through the cranial window
(Fig. 1), and applied post-image processing (Ren et al., 2012c) to render
μOCA and quantitative μODT images of the cerebral microcirculatory
networks in vivo. The axial resolution of μOCA/μODT is 1.8 μm, as
determined by the coherence length (Lc = 2(ln2)1/2/π⋅λ2∕Δλcp) of an
8 fs Ti:Sapphire laser system used (λ = 800 nm; Δλcp ≈ 154 nm,
cross-spectrum); its transverse resolution is 3 μm, as determined by
the focal spot size of the microscopic objective employed (f16mm/
NA0.25). Because of contrast enhancement by Intralipid, the line scan
rate in this study was increased from previously 5 kHz to 20 kHz.
Methods for CBFv reconstruction (PSM, PIM), ﬁll factor, background
ﬂow noise (vn) analyses are provided in the Supplementary
information.
Statistical analysis
Comparisons between groupswere analyzed by performing a paired
t-test (two tailed) or a rank sumtest (Systat software). Data are present-
ed as mean ± S. D.
Results
In vivo μOCT images of the mouse cerebral cortex were acquired
through a cranialwindow, fromwhich simultaneous μOCAand μODT im-
ageswere derived to show3Dmicro angiography (capillary vasculature)
and Doppler ﬂowmetry (quantitative CBFv) of cerebral microvascular
networks, respectively.
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No obvious changes in mouse physiological parameters were found,
i.e., from ECG = 485.11 ± 10.01/min, Resp = 37.87 ± 4.29/min,
T = 37.87 ± 4.29 °C before Intralipid to ECG = 473.83 ± 14.73/min,
Resp = 37.95 ± 4.73/min, T = 36.93 ± 0.20 °C after Intralipid
(n = 3). Blood hematocrit decreased from Hct = 0.5416 ± 0.0334 to
Hct = 0.4685 ± 0.064 (p N 0.33, n = 3). In the hypercapnia study,
blood gas (arterial PCO2) increased from 30 ± 1.42 mm Hg to 46 ±
2.65 mm Hg, and ECG slightly decreased by 4%. All these changes were
within the normal physiological range.
Principle of c-μODT for enhancing capillary CBFv imaging
The principle by which Intralipid injection increases the sensitivity
for μODT to measure CBFv in the capillary beds is illustrated in Fig. 2,
in which 3D μODT images of a mouse cortex before and after Intralipid
injection are shown in panel a) and panel b), respectively. The cross-
section of a ~ ϕ7 μm capillary at position P was chosen to perform
particle-counting μODT (pc-μODT) (Ren et al., 2012b), and the results
are plotted in panel c). It is noteworthy that pc-μODT operates in a sim-
ilar manner to TPM for capillary vRBC quantiﬁcation in that the former
measures the time-lapse Doppler phase transients upon which a RBCFig. 2. RBC velocities vRBC across a capillary vessel (CV:ϕ7 μm)before and after Intralipid injection
(p) was chosen for pc-μODT to measure RBC velocity along the capillary during baseline and aft
Without Intralipid (red curve), phase spikes induced by the crossing of individual RBCs (n = 1
curve), Intralipid scattering ﬁlled the latency between RBCs, thus resulting in an elevated ph
0.5 s = 23%) with the 50 s recording time, the long latency (0.38 s) led to severe vRBC underes
with Intralipid (blue curve).passes through a capillary cross-section (Ren et al., 2012b) whereas
the latter measures those of the ﬂuorescence intensity proﬁle (i.e., of
ﬂuorescence-labeled RBCs). Without Intralipid, the phase transients
(red trace) show discrete spikes, which reﬂect the passing of individual
RBCs. The measured RBC velocity by μODT (vRBC = 0.25 ± 0.06 mm/s;
panel a) is 3-fold lower than that by pc-μODT (vRBC = 0.78 ±
0.28 mm/s; panel c). This underestimation of vRBC by μODT is due to var-
ious artifacts (e.g., Doppler angle effect), among which the long latency
(γ: percentage of duration without the crossing of RBCs) between the
transport of RBCs through a capillary was a major error source. For in-
stance, γ≈ 77% in this case, which led to an underestimation of η=
(1 − γ) ≈ 23%. On the other hand, with Intralipid (6ml/kg, i.v.), the
phase transients (blue trace) become continuous, as a result of the la-
tency being largely ﬁlled with smaller Intralipid scatterers ﬂowing
through the capillary along with the RBCs. For continuous ﬂow, pc-
μODT for vRBC computation is no longer applicable, yet this method cor-
rects vRBC underestimation and provides a ~4.3-fold (i.e., 1/η) contrast
enhancement on μODT for imaging capillary ﬂow. Interestingly, vRBC
measured by μODT with Intralipid (0.53 ± 0.07 mm/s; panel b), al-
though providing a 2-fold enhancement to that without Intralipid, was
still lower than that of particle-counting μODT (0.78 ± 0.28 mm/s;
panel c). This could be caused by uncorrected Doppler angle effect in
μODT; it could also be caused by insufﬁcient ﬁlling of scatterers for the. a)–b) μODT images of themouse sensorimotor cortex (2× 2×1mm3), inwhich a capillary
er Intralipid injection, respectively (duration: 0.5 s). c) Time traces of the phase transients.
6) were recorded and thus vRBC = 0.78 ± 0.28 mm/s was calculated. With Intralipid (blue
ase trace. The measured total duration occupied by RBC spikes was ~0.12 s (i.e., 0.12 s/
timation (67%) by μODT. This error was effectively corrected by contrast-enhanced μODT
495Y. Pan et al. / NeuroImage 103 (2014) 492–501dose of Intralipid injection used, which led to residual spikes as seen in
the phase transients. Additionally, we assumed that the scatterers of
Intralipid ﬂowed at the same speed as the RBCs.
A potential concern is the clearance of Intralipid from blood vessels,
which would restrain the time window during which CBFv responses
are measured. Thus we measured the clearance curve of Intralipid
from 20 randomly selected ROIs in the capillary beds (Fig. 3). The base-
line capillary CBFv measures were increased rapidly from 0.2 mm/s
prior to (t b 0 min), to 0.7 mm/s after Intralipid injection and then
decayed slowly such that at 60 min it was 0.6 mm/s (a ~15% drop),
still considerably higher than without Intralipid. Thus the timewindow
afforded by Intralipid injection (at least 60 min) is likely to be sufﬁcient
for most neuroimaging studies assessing physiological, pharmacologic
and functional interventions. Moreover, for studies requiring longer
time measurements, additional continuous slow infusion of Intralipid
(e.g., 1 mg/kg/h to target a speciﬁc optimal concentration) can be im-
plemented to correct for the decay due to clearance.Intralipid to enhance microangiography and quantitative capillary CBFv
imaging
Fig. 4 compares 3D μOCA and μODT images of microcirculatory net-
works on the cortex of a mouse brain at baseline before (upper panels)
and after Intralipid injection (lower panels). Panels (a–b) are
maximum-intensity-projection (MIP) images that show the micro-
vasculature networks (μOCA) before and after Intralipid injection
(6ml/kg, i.v.); Panels (c–d) are the MIP images in pseudocolor to show
their quantitative CBFv distributions (μODT). Panels (e–f) are the corre-
sponding 3D μODT images to show the connectivity of themicrocircula-
tory CBFv networks. The dramatic improvement with Intralipid
injection is apparent when comparing the μODT images in panels (d,
f) vs panels (c, e), in particular for ﬂow detection in capillary beds. For
instance, many of the ‘apparently’ disconnected capillary ﬂows (c–e),
which were barely detectable, can be clearly traced as continuous
ﬂows with much stronger signals after Intralipid injection. To quantify
these differences, we applied digital image processing (Supplementary
Fig. s1) to segment the ﬂow boundaries after excluding the regions oc-
cupied by large branch vessels. We deﬁned the ﬁll factor (i.e., # pixels
occupied by capillaries/# pixels in the entire region excluding large ves-
sels) to statistically assess the detectable capillaries (μOCA) and capil-
lary ﬂows (μODT). Panel (g) shows that, while the ﬁll factor of μOCA
increased signiﬁcantly (17.5%; p b 0.002, n = 20) from 53.74% ± 4.4%
to 63.17% ± 3.67% after Intralipid injection, it was the increases inFig. 3. Intralipid clearance curve. Time dependent CBFv was traced among 20 random-
ly selected capillaries on the mouse sensorimotor cortex with Intralipid injection
(6 ml/kg, i.v.) at t = 0 min. CBFv dropped only ~15% within 60 min.μODT that was most dramatic (230%; p b 0.001, n = 20) from
17.63%± 4.76% to 58.21%± 8.75%. This indicates that themajor impact
of contrast enhancement by Intralipid is on quantitative Doppler ﬂow of
capillary networks (μODT), which is technically more challenging be-
cause of the abundant background phase noises induced by biological
tissue in vivo and by the imaging system (Ren et al., 2012c; Wang
et al., 2007). Noteworthily, after Intralipid injection, the ﬁll factor of
μODT was raised to approach that of μOCA (p = 0.14), suggesting that
c-μODT for Doppler ﬂow detection has reached the sensitivity of μOCA.
This is important because it provides a method for assessing shunting
of capillaries with much higher accuracy and without confounds from
background and system noise artifacts (Ren et al., 2012c).
Intralipid to enable quantitative imaging of CBFv change in response tomild
hypercapnia
Since c-μODT provided detection of higher capillary ﬂows at base-
line, we wanted to ensure that it had the capability for quantifying
further increases in CBFv (rather than saturated as imaged by μOCA),
for example, in response to hypercapnia. Hypercapnia, which is widely
used experimentally to increase CBFv (Hutchinson et al., 2006), was
chosen as an intervention to compare the μODT responses without
and with Intralipid enhancement. Mild hypercapnia was induced by
switching the anesthetic incubator from 100% O2 to a mixture of 95%
O2 and 5% CO2. The left panels (a, d) and the right panels (e, h) in
Fig. 5 are the en-face and side-view 3D μODT images (FOV:
1.2 × 0.5 × 1 mm3) obtained to assess hypercapnia-induced CBFv in-
creases (i.e., ΔCBFv = CBFvhypercapnia − CBFvnormocapnia) without and
with Intralipid injection, respectively. We measured the quantitative
CBFv changes within individual capillaries (from randomly selected 27
ROIs) in each image groups as plotted in panels (i, k) together with
their statistical ΔCBFv results in panels (j, l). A comparison in panels
(j, l) indicates that despite the higher baseline CBFv with Intralipid (l),
hypercapnia further increased CBFv from 0.49 ± 0.13 mm/s to 0.65 ±
0.13 mm/s whereas without Intralipid (j) it changed from 0.27 ±
0.08 mm/s to 0.35 ± 0.10 mm/s. Interestingly, the relative change of
ΔCBFv was similar with (32.1%) and without (30.8%) Intralipid
(p = 0.51, rank sum test). This result indicates that contrast-
enhanced μODT with Intralipid preserves quantitative detection of fur-
ther increases in CBFv even when baseline ﬂows are much higher than
without Intralipid, which indicates that they are not saturated. Note
also that while the relative ΔCBFv was equivalent without and with
Intralipid, the absolute CBFv increases were signiﬁcantly (p b 0.04)
higher with Intralipid (0.16 ± 0.13 mm/s) than without (0.08 ±
0.10 mm/s). This is of value for studies interested in quantifying
absolute CBFv, rather than estimates of relative ΔCBFv (i.e., measuring
actual CBFv increases associated with speciﬁc activation responses). In
parallel to ΔCBFv quantiﬁcation, the dramatically enhanced sensitivity
of c-μODT (approaching μOCA as shown in Fig. 4) allowed us to evaluate
vessel dilation (e.g. vessel P) from side projections (panels g, h), in
which μOCA tends to show serious artifacts (i.e., shadows of large
vessels).
Intralipid to enhance in vivo imaging of ultraslow CBFv in brain tumor
microenvironments
In vivo imaging of brain tumor microenvironments is of relevance
for studying tumor angiogenesis (Das and Marsden, 2013) and as a po-
tential tool for improving early tumor detection and for monitoring re-
sponses to treatment (Vakoc et al., 2009). μODT is highly suitable for this
type of in vivo imaging, owing to its high resolution, large FOV and
quantitative ﬂow measurement. To illustrate this, a xenograft tumor
model was used, based on implantation of HT1080-GFP cells in the
brain cortex of immunodeﬁcient mice. The μOCA and μODT images of
a tumor on day 16 after tumor cell implantation are shown in Fig. 6.
Both μOCA images before (c) and after (d) Intralipid injection clearly
Fig. 4. Comparison of cerebral vasculature and CBFv on themouse sensorimotor cortex before (upper panels) and after (lower panels) intravenous injection of 20% Intralipid (6ml/kg). a)–
b)Maximum intensity projection (MIP) images of vasculature (μOCA); c)–d)MIP images of quantitative CBFv (μODT); e)–f) 3D μODT images. g) Capillary density (ﬁll factor) detected by
μODT increased signiﬁcantly from 17.63% to 58.21% (p b 0.001, n = 20), which almost reached the sensitivity of μOCA (63.17%; p = 0.14). Image size (FOV): 1.4 × 2 × 1 mm3.
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ingrowth of supply capillaries (e.g., the area pointed to by yellow
arrows). However, due to the extremely low CBFv in the area surround-
ing the tumor, μODT without Intralipid (a) failed to detect any capillary
ﬂow; whereas after Intralipid injection (b) it clearly showed capillary
CBFv networks in the region adjacent to the tumor, which was distinct
from the area within the tumor where ﬂow was even lower. The
increased sensitivity for the detection of the differences in CBFv around
and within the tumor after Intralipid injection allowed for the
delineation of the tumor's boundary (dashed white circle) on the basis
of the characteristics of the microcirculation. In addition, quantitative
analysis showed that the capillary CBFv rates within (0.04 ±
0.02 mm/s, Supplementary Fig. s2) and surrounding the tumor
(0.12 ± 0.08 mm/s) were signiﬁcantly reduced (71.41%; p b 0.001,
n = 20) compared to those (0.41 ± 0.07 mm/s) in a normal control
mouse (e) although the capillary vascular density by ﬁll factor did not
differ signiﬁcantly (e.g., 30 ± 3% for peritumoral area vs 32 ± 2% for
control, p = 0.10). The equivalent ﬁll factor despite lower CBFv in the
surrounding tumor indicates that the ﬂow through the capillaries was
much lower than that in the capillaries of normal tissue. In parallel,reduced CBFv in larger branch vessels was evident by the fact that col-
lateral arterioles (dashed blue lines) were barely detectable (0.10 ±
0.03 mm/s, supplementary Fig. s2) even after Intralipid enhancement
(b). These pathological vessels (e.g., enlarged, tortuous, with ultra low
CBFv) feeding the tumor (Nagy et al., 2009) which could be
misidentiﬁed or overlooked as venules are characteristic of tumor
angiogenesis; therefore, the ability of c-μODT to detect ultra-slow
ﬂows combined with μOCA for characterizing their vascular patterns
will further enhance tumor diagnosis by distinguishing tumor angio-
genesis and be also of value for monitoring the effects of antiangiogenic
therapies (Kamounet al., 2010). These results taken togetherwith those
obtained with hypercapnia suggest that the Intralipid method is partic-
ularly useful for the detection and quantiﬁcation of very slow ﬂows as
may occur within and adjacent to brain tumors.
Intralipid to enhance in vivo imaging of ultraslow CBFv in chronic cocaine
mice
In vivo imaging of brain microcirculation is crucial for studying the
adverse effects of drugs with vasoactive effects to the brain such as
Fig. 5.Mild hypercapnia elicited CBFv changes on themouse sensorimotor cortexwithout (left panels) andwith (right panels) Intralipid (6ml/kg, i.v.). Upper/lower panels: normocapnia/
hypercapnia. a)–h) En-face/side-view 3D images (0.5 × 1.2 × 1 mm3) of CBFv rates acquired by 3D μODT at 20 kHz. i)–l) CBFv rates (blue/red dots: normocapnia/hypercapnia) from 27
randomly selected capillaries and the corresponding statistical analyses without and with Intralipid, respectively. Hypercapnia-elicited capillary ΔCBFv increases were well correlated
(p = 0.51) without (30.8%) and with (32.1%) Intralipid though absolute CBFv increases were signiﬁcantly higher (p b 0.05) with Intralipid (0.16 mm/s) that without Intralipid
(0.08 mm/s).
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alleviate vasoconstriction (Brown et al., 2001). c-μODT is highly suitable
for in vivo imaging of disruptions in the cerebral microcirculation,
owing to its ultrahigh sensitivity/resolution and large FOV. Fig. 7
shows 3D CBFv images on the sensorimotor cortex ofmice after chronic
cocaine administration and in control mice before and after Intralipid
injection. The CBFv images without Intralipid showed that the mouse
exposed to chronic cocaine (a) when compared to the control mouse
(c), showed widespread vasoconstriction throughout the FOV
(1.9 × 1.5 × 1 mm3). Due to the extremely low CBFv in the chronic
cocaine mouse, μODT without Intralipid (a) showed areas of the cortex
where almost no capillaryﬂow could be visualized ormeasured;where-
as after Intralipid injection (b) it clearly uncovered capillary CBFv in
areas that otherwise could not be detected and similarly enhanced the
measurement of venular ﬂows (e.g., dashed yellow lines). This reveals
therefore that while chronic cocaine dramatically reduced capillary
ﬂows it did not abolish them, which would otherwise have led to
ischemia and neuronal death. Quantitative analysis reveals that without
Intralipid the measured overall capillary CBFv in the chronic cocaine
mouse (a) (0.110 ± 0.027 mm/s, among which background
phase noise vn was 0.083 mm/s) was signiﬁcantly reduced (69.5%;
p b 0.001, n = 20) compared to that of the control mouse
(c) (0.230 ± 0.058 mm/s, vn = 0.148 mm/s). It is noted that here the
net change with subtraction of background vn is computed, e.g.
[(0.230 − 0.148) − (0.110 − 0.083)] / (0.230 − 0.148) = 69.5%.
After Intralipid, the measured overall capillary CBFv in the chronic
cocaine mouse (0.240 ± 0.062 mm/s, vn = 0.083 mm/s) was
(0.240 − 0.083) / (0.110 − 0.083) ≈ 8.6 times higher than that
measured without Intralipid and readily detectable with dramatically
enhanced SNR (b). Similarly, the reduced CBFv in larger branch vessels
by chronic cocaine was evident by the fact that almost all venular ﬂows
were barely detectable (0.133 ± 0.046 mm/s, vn = 0.084 mm/s) with-
out Intralipid enhancement (a), which were signiﬁcantly lower
([(1.033 − 0.126) − (0.133 − 0.084)] / (1.033 − 0.126) ≈ 94.4%;
p b 0.001, n = 3) than those in normal control (1.033 ± 0.039 mm/s,vn = 0.149 mm/s). After Intralipid, it was increased (0.338− 0.083) /
(0.133− 0.084)≈ 5.2 times to 0.388 ± 0.143 mm (vn = 0.083 mm/s)
and delineated (b). These results suggest that c-μODT with Intralipid is
particularly useful for the detection and quantiﬁcation of ultraslow
ﬂows as may occur in ischemic brain (e.g., due to chronic cocaine or
other substances of abuse).Intralipid to enhance spatiotemporal resolution of CBFv for functional brain
imaging
As the phase shift detected by μODT is proportional to its time
duration, c-μODT allows us to reduce the time for 3D imaging of
capillary CBFv networks and thus improve the temporal resolution
for studying dynamic brain responses to functional and physiologic
activation. Fig. 8 shows the spatiotemporal changes in CBFv
(i.e., 4D c-μODT) following an acute cocaine injection (2.5 mg/kg,
i.v.). Owing to contrast enhancement of the capillary networks
with Intralipid (a; see Supplementary Fig. s3 for identiﬁcation of
arteriolar and venular vessels), the image rate of μODTwas increased
4 times (i.e., with A-scan rate was increased from 5 kHz in the previ-
ous study (Ren et al., 2012c) to 20 kHz), which enabled us to quanti-
fy cocaine-induced dynamic CBFv changes (b) in vessels of different
calibers at a higher temporal resolution and over a larger FOV
(e.g., 1 × 0.35 mm2 per panel). Dynamic characteristics (c) were readily
observed, including an immediate sharp CBFv increase (injection surge,
ﬁrst 1.5min) followed by CBFv decreases inmost of themicrocirculatory
networks and their slow recovery starting at ~8 min post-injection in
some vessels but not in others. The pattern of CBFv changes in venules
(blue curves) was consistent (i.e., decreases in CBFv following cocaine
injection)whereas in arterioles (red curves) it varied: some showedper-
sistent CBFv decreases, some recovered, and some (e.g., arcade 8)
showed CBFv increases perhaps, for local compensation. Capillaries
(green curves) reacted to cocaine differently andmost exhibited oscillat-
ing behaviors. Interestingly, unlike aterioles and venules, which spiked
Fig. 6.Quantitative CBFv andmicrovasculature images of themouse sensorimotor cortex onday 16 after intracranial implantation ofHT1080-GFP cells. a)–b) μODT images before and after
Intralipid injection; c)–d) corresponding μOCA images; e) μODT image of a control mouse (without tumor injection) after Intralipid injection; f) capillary CBFv surrounding the tumor
(0.12 ± 0.08 mm/s; n = 20) was 71.4% lower (p b 0.001, rank sum test) than that of control (0.42 ± 0.07 mm/s). White dashed area: tumor margin outlined based on disrupted
CBFv, yellow arrows: vascular ingrowth with ultralow CBFv (0.04 ± 0.02 mm/s) from adjacent brain region, and blue dashed regions: collateral arterioles with ultralow CBFv (0.10 ±
0.03 mm/s). Image size: 2 × 2 × 1 mm3.
498 Y. Pan et al. / NeuroImage 103 (2014) 492–501immediately after injection, some capillaries (e.g., 6) did not spike and
abruptly decreased their ﬂow in response to cocaine.
Discussion
Here we show that contrast-enhanced μODT via Intralipid injection
dramatically improves the sensitivity for measuring RBC velocities
(vRBC) in cerebral capillaries. While μODT was able to image vRBC in the
capillary beds, its detection sensitivity was limited, leading to a low ﬁllfactor of 17.63%. This contrasts with c-μODT with Intralipid injection,
which signiﬁcantly increased the ﬁll factor to 58.21%, almost reaching
the sensitivity of μOCA (63.17%). Such a dramatic sensitivity improve-
ment in quantitative CBFv imaging is crucial for studying vascular dis-
ruptions caused by cerebral pathology (e.g., tumorigenesis) and by
physiological (e.g. hypercapnia) or pharmacological stimulations
(e.g., cocaine exposures). To our knowledge no other current imaging
techniques offer such potential (e.g., large FOV, vRBC quantization of
CBF on vascular networks of different calibers that include capillaries
Fig. 7. Quantitative 3D CBFv images of the sensorimotor cortex of chronic cocaine vs control mice. a)–b) μODT images before and after Intralipid injection; c)–d) corresponding μODT im-
ages of a control mouse. Capillary CBFv (0.110± 0.027 mm/s; n= 20) in chronic-cocaine mouse was 69.5% lower (p b 0.001, rank sum test) than that of control (0.230± 0.058 mm/s).
Dashed yellow areas: venules with disrupted CBFv. Image size: 1.9 × 1.5 × 1 mm3.
499Y. Pan et al. / NeuroImage 103 (2014) 492–501and arterioles and venules at high spatiotemporal resolutions). Owing
to the increased vRBC detection sensitivity, c-μODT also improves the
temporal resolution (e.g., 4 times faster — limited by camera frame
rate), which is important when monitoring dynamic vascular changes
to physiological, functional or pharmacological interventions. Finally,
we illustrate that the enhancement is predominantly due to the contin-
uous ﬂow from the Intralipid in the capillary streams that obviates the
errors from long latency between RBCs, i.e., low hematocrit (~20%) in
capillaries (Slow μODT may improve detection of sparse RBCs in a
capillary, i.e., vRBC sensitivity — ultimately limited by tissue motion
noise, it is unable to avoid low hematocrit induced errors for vRBC
quantization).
The unique capability of contrast-enhanced μODT to enable quanti-
tative imaging of slow capillary ﬂows surrounding tumors can be
valuable for studying the tumor microenvironment in vivo. Most work
on tumor angiogenesis has been focused on vasculatural growth; how-
ever, our results (Fig. 6) reveal that it was the ﬂow rather than the
capillary vasculature surrounding the tumor thatwasmost dramatically
decreased; thus attention should be paid in addition to tumor angiogen-
esis to the ﬂow characteristics of the new blood vessels. Thus, the
increased sensitivity for the detection of ultraslow ﬂows with Intralipid
will allow studying the emergence of ﬂows in vessels generated from
tumors (Das and Marsden, 2013) and monitoring how they connect
with the surrounding circulation. Since capillariesmight be transporting
cancer cells out of the tumor to innervate adjacent as well as long
distance sites (Nagy et al., 2009), it could help delineate the areas for
irradiation such as to maximize the destruction of remaining vessels.
Similarly, this technique can be used to assess the effects of
drugs given to inhibit tumor angiogenesis on the ﬂow within and
surrounding tumors (Das and Marsden, 2013). Similarly, the unique
capability of c-μODT to enable quantitative imaging of ultraslowcapillary ﬂow is particularly valuable for studying brains with already
drastically reduced cerebrovascular networks as we showed in the
model of chronic cocaine exposure but could also be applied to other
conditions that trigger brain ischemia. The higher sensitivity of c-μODT
also provides a tool with which to evaluate treatment interventions to
alleviate ischemia.
The increased temporal resolution of c-μODT allows us to character-
ize the dynamic features of microcirculatory networks quantitatively, at
capillary ﬂow resolution/sensitivity. For example, our results with the
acute cocaine challenge identify for the ﬁrst time a heterogeneous
response among blood vessels in response to acute cocaine that might
reﬂect adaptation responses of the microvascular networks to a
vasoconstricting drug. Particularly intriguing was the response of
arteriolar vessels because cocaine also increased ﬂowwhile inmost ves-
sels cocaine decreased CBFv in a couple of arterioles (e.g., arcade 8),
which could reﬂect a compensation to the widespread reductions in
CBFv perhaps as a mechanism to protect the tissue from ischemia. It
allowed us to statistically analyze the dynamics of CBFv in the vascular
tree, i.e., arterioles, venules and capillaries responding to cocaine
(Supplementary Fig. s6).
Limitations from the technology include the clearance of the
Intralipid from the blood stream. However, after a single injection high
levels are maintained over a 60-min period and no noticeable change is
observed in mouse systemic physiology (e.g., ECG, Resp, T, Hct). As
study manipulations (e.g. cocaine injection) were performed ~10 min
after Intralipid injection, artifacts such as concurrent blood volume in-
crease were avoided. Moreover, additional continuous slow infusion of
low-dose Intralipid (e.g., 1 mg/kg/h) could extend the time window for
studies that might require longer time measurements, but the inﬂuence
of the concurrent blood volume increase by Intralipid injection should be
studied, which can potentially be studied by μOCA. Though in this study
Fig. 8. Spatiotemporal responses of CBFv to an acute cocaine challenge (2.5 mg/kg, i.v.; t = 3 min). a) 3D μODT image (1.5 × 1.8 × 1 mm3) to illustrate vascular trees in the selected ROI
(dashed area); b) Time-lapse CBFv and ΔCBFv ratio images (1 × 0.3 × 1 mm3/panel) at 4 characteristic time points (t: 1, 3, 8, 21 min); c) time-lapse ΔCBFv curves of 2 arterioles (coarse/
thin red curves: branch/arcade arterioles), 2 venules (coarse/thin blue curves: branch/terminal venules), and 3 capillaries (dashed green curves). The initial overshooting was caused by
artifacts induced by bolus cocaine injection.
500 Y. Pan et al. / NeuroImage 103 (2014) 492–501we did not evaluate the effects of the Intralipid injection itself on brain
function, this is unlikely to have side effects since lipid emulsions of sim-
ilar density to the one employed in our study are routinely used clinically
in patients that require intraparenteral nutrition. In our study, we used
only 20% Intralipid emulsion but further studieswill be required to assess
the optimal concentration. Although no reduced CBFv imaging depth in-
duced by Intralipid scattering was observed (e.g., Fig. 5(c,g)), more de-
tailed study should be performed. Additionally, Intralipid was used in
this study to demonstrate the efﬁcacy of contrast-enhanced μODT for
quantitative 3D imaging of mouse microcirculatory CBFv networks.
This technique should be applicable to other types of clinically approved
total parenteral nutrition (TPN), which also comprises high-scattering
lipid emulsions. For example, it could be used intraoperatively to conﬁrm
complete aneurysm clipping, which is currently performed by video an-
giography requiring repeated intravenous doses of indocyanine green
(ICG, a ﬂuorescence tracer) adsorbed to human serum albumin. Unlike
administration of ICG, which can result in potentially adverse reactions
(Hope-Ross et al., 1994), Intralipid is safe and clinically available for
use in parenteral nutrition. Thus, in addition to its value for research
this technique is of translational potential for clinical applications.Acknowledgments
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